The human stress response evolved to maximize an individual's probability of survival when threatened. The present study addressed whether physical danger modulates perception of an unrelated ambiguous threat and, if so, to what extent this response is sexspecific. The authors utilized a first-time tandem skydive as a stressor, which had been previously validated as producing a highly-controlled, genuinely stressful environment. In a counter-balanced within-subjects design, participants wore a virtual reality helmet to complete an emotion-identification task during the plane's ascent (stress condition) and in the laboratory (control condition). Participants were presented static male faces morphed between 20-80% aggression, which gradually emerged from degraded images. Using a binary forced-choice design, participants identified each ambiguous face as aggressive or neutral. Results showed that participants characterized emotion more rapidly under stress versus control conditions. Unexpectedly, the results also show that while women were more sensitive to affect ambiguity than men under control conditions, they exhibited a marked decrease in sensitivity equivalent to men while under stress.
Introduction
An individual's ability to respond appropriately to threat is vital for survival, and the standard stress-response paradigm, labeled fight or flight, (Cannon, 1929) has been extensively studied, though research has typically focused on males (Taylor et al., 2000) . From an evolutionary perspective, the larger size and strength of males (compared to females, on average) is ideally suited for physically hazardous tasks, such as warfare, hunting, and competition for mates (Geary and Flinn, 2002) . Thus, fight or flight appears to be an appropriate evolutionary strategy. Conversely, this response in females could directly jeopardize their survival, and more importantly, the survival of offspring. This suggests the need for the development of sex-specific responses to potential threat.
Sex differences in threat perception have been well described in the literature (Biele and Grabowska, 2006; Goos and Silverman, 2002; McAndrew, 1986; Rotter and Rotter, 1988; Taylor et al., 2000) . Men and women have been shown to interpret and characterize emotionally salient faces in distinct ways (Biele and Grabowska, 2006; Boyatzis, Chazan, and Ting, 1993; Goos and Silverman, 2002; Hall, 1978; Kirouac and Dore, 1983; McAndrew, 1986; Nowicki and Hartigan, 1988; Rotter and Rotter, 1988) . In particular, women are generally more sensitive to facial displays of emotion (Boyatzis et al., 1993; Hall, 1978; Kirouac and Dore, 1983; Nowicki and Hartigan, 1988) , and perform better than men in the detection of negative emotions such as anger (often directly threatening), fear (which suggests the existence of a threat) and sadness (which suggests the consequences of a dangerous encounter; Boyatzis et al., 1993; Montagne, Kessels, Frigerio, de Haan, and Perrett, 2005) . Additionally, the literature has suggested that the emotional state of a participant, i.e., "happy" or "sad," elicits a state-congruent shift towards increased sensitivity to facial affect (Lim and Pessoa, 2008) , characterized by fitting a curve (commonly a psychometric function) to participant responses to a full range of emotional intensities (0 -100% fearful) (Lim and Pessoa, 2008) . Despite the obvious evolutionary implications of affect detection under stress, the effect of acute stress on affect sensitivity has not yet been elucidated.
Studies indicate that the aforementioned threat response can be initiated by crude (i.e., backward-masked) representations of threatening stimuli, and threat stimuli enhance visual perception of subsequent stimuli (Anderson and Phelps, 2001; Carlson and Reinke, 2008; Phelps, Ling, and Carrasco, 2006) . This enhancement in perception appears to be mediated by amygdala-elicited (Anderson and Phelps, 2001; Carlson, Reinke, and Habib, 2009 ) modulation of attention in location-specific areas of the visual cortex (Carlson, Reinke, Lamontagne, and Habib, 2011) . Thus, an important aspect of the human stress response is the facilitatory modulation of perceptual processing afforded by rapid detection of potential and ambiguous threat (Mujica-Parodi, Korgaonkar, et al., 2009 ). An evolutionarily advantageous compromise between rapid decision-making and information acquisition when a stimulus is presented may cause a decrease in accuracy but increases the probability of survival by reducing reaction time.
The present study was designed to address a number of important gaps in the literature. As mentioned, evaluation of potential threat in the presence of an unrelated acute stressor (such as a hazardous environment), and the extent to which is it sex-specific, has been largely unaddressed. Previous work has indicated that skydiving is successful in the evocation of a reliable acute stress response as measured by endocrine (Rubin, Botanov, Hajcak, and Mujica-Parodi, 2011) , cardiovascular (Dikecligil and Mujica-Parodi, 2010) , and self-report measures (Mujica-Parodi, Strey, et al., 2009) ; thus, the ten minutes leading up to a first-time tandem skydive was chosen as an acute stressor for this study. Participants were instructed to categorize images of facial expressions as either aggressive or neutral in separate stress and control sessions, matched for time of day. Since real-world threat perception often occurs without the availability of all relevant information, we introduced two dimensions of ambiguity as important variables in our study. Faces emerged gradually from completely degraded images (0% signal/noise) to clear images (100% signal/noise, i.e., "perceptual ambiguity"), and were morphed between poles of neutral and angry expressions to convey varying ambiguous degrees of aggression (20 -80%, i.e., "affect ambiguity"), as shown in Figure 1 .
Based on the literature reviewed above, we tested two hypotheses. It is known that women are more sensitive than men to facial affect (Boyatzis et al., 1993; Montagne et al., 2005) ; it is also known that psychological states influence affect identification and sensitivity to emotional stimuli (Lim and Pessoa, 2008) . However, little is known about the effects of stress on affect identification between sexes. Thus, we predicted that the presence of an acute stressor would elicit a modulatory shift in affect identification, increasing participants' sensitivity to aggression; sensitivity was measured by a statistically significant change in the slope of the line fitted to participants' responses, as in previous work (Lim and Pessoa, 2008) . While we expected sex-specific effects based on previous literature, it was unclear how sex might influence our results. Secondly, we predicted that a sexindependent, stress-induced modulation of perceptual processing would lead participants to identify faces as either neutral or aggressive more rapidly in the presence of an acute stressor. Our findings indicate a sex-dependent shift in sensitivity to aggression and perceptual processing when under acute stress, and the evolutionary implications of these findings are described.
Materials and Methods

Participants
The use of humans in this study was approved by the Institutional Review Board, and all participants provided informed consent. All participants were recruited from individuals who independently contacted a local skydiving school (Skydive Long Island, Calverton, NY) to schedule their first-time skydives. Twenty-nine individuals, (17 male) ranging in age from 18 to 48 years (M = 24.41, SD = 7.03), participated in the study. To control for order effects, the two conditions were counter-balanced. Eighteen participants (7 female) completed the control day before the stress day, while eleven participants (5 female) completed the stress day before the control day. Due to uncontrollable weatherrelated circumstances, we were unable to obtain equal numbers of session order; however, order effects were not significant (p > 0.10) for any of the variables measured.
Participants were screened to ensure good general health; exclusion criteria included pregnancy, history of heart problems, and drug use. All participants completed the Spielberger Trait Anxiety (Spielberger, Gorsuch, and Lushene, 1970 ; M males = 33.56, SD = 7.66; M females = 32.08, SD = 7.61) and Zuckerman Sensation Seeking (Zuckerman and Link, 1968 ; M males = 25.17, SD = 4.30; M females = 24.33, SD = 4.77) questionnaires. Men did not deviate from an average male sensation seeking score (M males = 25.17, SD = 4.30; M average, males = 23.26, SD = 5.43 (Schroth, 1995) ; p > .05); women scored significantly higher than average female scores (M females = 24.33, SD = 4.77; M average,females = 17.64, SD = 6.17 (Schroth, 1995) ; p = .001). However, differences between sexes were not significant for any of the questionnaires (p's > .05).
General protocol
Testing took place over two separate days, time-locked to prevent confounds due to diurnal variability. On both days, participants arrived at the hospital (General Clinical Research Center in the Stony Brook University Medical Center) at 7:30 a.m. Prior to completing the task, saliva samples were taken from participants, and questionnaires assessing personality were completed. The facial identification task was administered under two conditions. The stress condition took place immediately prior to the participants' first tandem skydive, while the control condition took place in a hospital room. Both sessions used isolating virtual reality helmets (nVisor SX60, NVIS Inc, Reston, VA) to control for ambient differences between environments, and participants completed the task on both days from an identical, seated posture. On both days the facial identification task was completed at 10:15 a.m. Salivary cortisol samples, as well as the abbreviated state anxiety inventory (Spielberger et al., 1970) , were taken prior to (10:00 a.m.) and immediately following (10:45 a.m.) completion of the facial identification task.
Acute stressor
A first-time tandem skydive was chosen as our acute stressor. A skydive exposes participants to a hazardous environment with potentially fatal consequences; the result is the evocation of a genuine stress response in reaction to real threat. Solo jumpers require significant training prior to a skydive, allowing the skydiver to acclimate to the environment; thus, tandem first-time jumps were chosen to maximize the inherent anticipatory stress. The skydive protocol allowed for identical time courses between participants, minimizing potential time-related effects.
Stimuli and equipment
For this study, we used neutral and aggressive facial expressions of two male faces obtained from the Pictures of Facial Affect (Paul Ekman Inc., Oakland CA) standardized database. Stimuli were grey-scaled and cropped to eliminate hair and other extraneous features. Using commercially available software (MorphMan 3.0, STOIK Imaging, Moscow, Russia), we manipulated the images to provide emotionally ambiguous expressions. Seven levels were produced between the neutral (0%) and aggressive (100%) poles (20-80%, in 10% increments; see Figure 1a ). Noise was added to images using a 15% Gaussian white noise filter (Photoshop CS 2 Version 9.02, Adobe Inc, San Jose, CA). To provide environmental isolation, all subjects were fitted with a head-mounted display (nVisor SX60, NVIS Inc, Reston, VA) connected to a laptop computer. The task was programmed and run using E-Prime software version 1.2 (Psychology Software Tools, Inc, Sharpsburg, PA).
Facial identification task
As depicted in Figure 1b , each trial started with a 1500 ms period of dynamic visual white noise. Images of the faces appeared in series; each grainy, pixilated image gradually revealed a face over the course of 5250 ms (35 iterative images each, with 150 ms duration, displayed at 6.67 Hz). Participants were instructed to rate each face as either neutral or aggressive with a left or right mouse click, respectively, and were instructed to decide as quickly and accurately as possible. Responses for a concluding trial were recorded both during the 5250 ms face segment and in the period of 1500 ms inter-trial interval (dynamic white noise) preceding the next trial. Participants could not influence the timing of the task by responding more rapidly (i.e., responses did not terminate trials). The task consisted of 70 trials and lasted for 7 minutes and 52 seconds. 
Statistical analysis of data
Salivary cortisol levels and state anxiety scores were compared between stress and control environments using a two-tailed student's t-test to validate experimental manipulation of physiological state. Two independent 2×2×7 mixed-model analyses of variance (ANOVAs) were conducted to assess the effects of gender (male vs. female), stress level (stress vs. control), and aggression level (20 -80%) on affect identification (aggressive vs. neutral) and perceptual processing (reaction time). In our 2×2×7 ANOVA of the ratings data, we assessed sensitivity to aggression level using a linear trend analysis. Our follow-up comparisons of significant effects were made by fitting a line to participants' responses and testing for differences in the slopes across conditions with Bonferroni-corrected t-tests; the data fitting procedure used by Lim and Pessoa (2008) utilized a sigmoid for fitting responses to fearful faces across a full range of emotion (0 -100% fearful), however a line fit our limited range of emotion (20 -80%) more appropriately. The slope of the best-fit line indicated sensitivity towards aggression, e.g., an increase in slope indicated an increase in sensitivity. Where appropriate, Bonferronicorrected post-hoc follow-up tests were used to further evaluate significant interactions.
Results
Validation of skydive as an acute stressor
Results showed that salivary cortisol levels (time-locked between conditions) were significantly elevated during the acute stressor as compared to the control, t = 7.03, p < .001. Likewise, state anxiety scores were significantly higher during the acute stressor as compared to the control, t = 4.22, p = .001. These effects were significant for both men and women when analyzed separately; however, women only showed a trend, t = 2.10, p = .061, toward increased anxiety between stress and control conditions, as compared to men, t = 3.19, p = .007.
Analysis of rating data
For each of the 70 binary forced-choice trials, participants chose between neutral ("1") and aggressive ("2"). A 2×2×7 repeated measures ANOVA was conducted to assess the effects of sex (male vs. female), stress level (stress vs. control), and aggression level (20 -80%) on participants' ratings. There was a significant effect of aggression level on ratings, F(6,162) =169.12, p <.001, η 2 = .86; participants rated each incremental increase in aggression level with a linear increase in rating. We found a significant three-way interaction between stress level, aggression level, and sex using a linear trend analysis, F(6,162) = 9.78, p = .004, η 2 = .27; this indicated a sex-specific difference in affect sensitivity between stress and control conditions. Follow-up comparisons (utilizing the slopes of the aforementioned best-fit lines; see Figure 2 ) showed that men showed no difference in sensitivity to aggression during stressful vs. control conditions, p = .41; however, women showed a marked decrease in sensitivity under stressful conditions, t = 4.49, p < .001. Under control conditions, women were significantly more sensitive to changes in aggression level than men, t = 2.15, p = .04 (see Figure 2) ; however, women were identical to men in affect characterization under stressful conditions, p = .54. Women rated the ambiguous faces on the aggressive end of the spectrum (50%, 60%, 70%, and 80% aggression) as significantly more neutral under stress versus control conditions, p's < .03. All other effects were not significant, p's > .10.
Figure 2. Best-fit linear trend lines for aggression ratings, by condition and sex
Analysis of reaction time data
A 2×2×7 repeated measures analysis of variance (ANOVA) was conducted to assess the effects of sex (male vs. female), stress level (stress vs. control), and aggression level (20 -80%) on reaction time. There was a main effect of stress level, F(1,27) = 10.79, p = .003, η 2 = .29; reaction times were significantly faster under stressful conditions (M = 4065.25 ms, SE = 100.05) compared to control conditions (M = 4349.16 ms, SE = 124.74), p = .003. All other effects were not significant, p's > .10.
Discussion
Our results validated a first-time tandem skydive as an acute stressor through physiological and self-report measures. Our findings support sex-dependent variance in sensitivity to aggression in response to a real-world acute stressor; the presence of a stressor caused a significant decrease in sensitivity towards aggression in female subjects, but had no effect in men. Our findings also include a sex-independent enhancement of visual perceptual processing following introduction of an acute stressor.
Sex and threat perception
Under real-world conditions, the ability to accurately characterize potential threat proves evolutionarily advantageous for survival, and past research has shown that women are typically more effective and accurate at characterizing facial displays of emotion (Biele and Grabowska, 2006; Goos and Silverman, 2002; Hall, 1978; McAndrew, 1986; Taylor et al., 2000) . Though our results suggest that women are indeed more sensitive to aggression than their male counterparts under controlled conditions, we found that women were no more sensitive than men in characterizing aggression under stressful conditions (see Figure  2 ). Contrary to the fight or flight paradigm, which predicts that both sexes should react to stressful environments with heightened awareness and increased sensitivity to threat, including social conflict (Cannon, 1929) , we found that women were significantly more likely to characterize emotionally ambiguous faces and aggressive faces as benign when under stress. We believe that this decrease in sensitivity is a result of a compromise between rapid decision making and information acquisition when a threat is presented; e.g., under threatening conditions, a decision must often be made without the availability of all pertinent information, which compromises accuracy but increases the probability of survival by reducing reaction time (see next section). Because rapid decision-making in dangerous situations is typically made without the availability of all relevant information, the introduction of ambiguity as a key variable was designed to enhance the extension of our results to real-world environments.
Another possible explanation for the marked decrease in sensitivity to aggression is the theory set forth by Taylor and colleagues' (2000) , called tend and befriend. This theory of female stress response asserts that, when threatened, women are more likely than men to seek social support as a defense mechanism to increase chances of survival (Taylor et al., 2000) . As previously mentioned, the faces presented in the task were unrelated to the stressor; thus, the characterization of emotion may have represented a friend or foe assessment, i.e., when threatened, a woman may be more willing to forgo potentially aggressive signals from an unrelated source for the sake of social support. Further studies will be necessary to evaluate this potential effect.
A final alternative explanation for our results is due to our exclusive use of male faces for the task. It has been shown that the sex of a static face influences the accuracy of emotion identification (Erwin et al., 1992; Goos and Silverman, 2002) . Therefore, it may be possible that the apparent decrease in sensitivity towards facial displays of aggression in women is specific to male static faces. Though our data cannot directly address this possibility, a simple modification of our task via the inclusion of female faces could shed light on this topic.
Perceptual processing and threat
As hypothesized, participants exhibited a stress-induced modulation of sensitivity to perceptual ambiguity. When in a state of danger, the rapid and accurate evaluation of facial expressions is essentially a friend or foe appraisal, with obvious evolutionary utility in deciding whether to face the danger alone or affiliate with a stranger. Participants evaluated the affect of perceptually degraded faces with lower signal/noise when exposed to acute stress; this effect was equal for both sexes and evident for all aggression levels.
Greater enhancements in perception have previously been shown to correlate with higher levels of anger, aggression, and fear in static faces (Amaral, Behniea, and Kelly, 2003; Carlson and Reinke, 2008; Carlson et al., 2009; Phelps et al., 2006) . However, a critical methodological distinction between our research and previous studies is that the research cited above utilized threatening faces as the means of inducing the threat condition. In contrast, our study design tested how a pre-existing state of threat (in this case, physical danger) would affect interpretation of an orthogonal stimulus (emotional expression of an unfamiliar face). Since our participants were already in a state of heightened alert when the task began, the previously reported facilitatory effects of aggressive expressions may have been rendered negligible.
We speculate that this decrease in reaction time may be attributed to amygdalaelicited enhanced attentional and perceptual processing, based on related work (Anderson and Phelps, 2001; Carlson et al., 2009; Geary and Flinn, 2002; Phelps et al., 2006) . Studies have shown that threatening faces, as compared to neutral faces, solicit attention and increase amygdala activity (Mujica-Parodi, Korgaonkar, et al., 2009; Phelps et al., 2006) . It is thought that the amygdala provides feedback to the visual cortex and other brain regions prior to awareness, enhancing perception (Amaral et al., 2003; Carlson et al., 2009; Carlson et al., 2010; Mujica-Parodi, Strey, et al., 2009; Phelps et al., 2006; Rubin et al., 2011) and allowing an individual to respond to potential threat with as little information as possible.
Limitations
A trade-off inherent to the nature of the study is possibility of self-selection. For ethical reasons, every participant volunteered for his or her skydive, which involved very clear risks. This may introduce a self-selection bias, and though male subjects did not strongly deviate from an average sensation seeking score, female subjects scored significantly higher than average. Additionally, men and women did not deviate from each other in sensation seeking score, although the literature suggests that, in general, men score higher on the sensation seeking scale than women (Byrnes, Miller, and Schafer, 1999) . It is therefore currently unknown whether these results would extend to a more general population of women.
An important concern regarding the validity of our results is whether reaction times could have been influenced by participants eager to complete the task by answering as quickly as possible, or by the inherent distractions present in the plane. To address these potential confounds, the task was programmed such that participants could not influence its timing; each trial length was fixed. Therefore, attempting to quickly progress through the task by responding hastily did not have any effect on timing. To minimize distraction by ambient visual or auditory cues, the virtual reality helmet used was completely isolating. To prevent differences in reaction time being caused by postural or ergonomic confounds, we had participants assume an identical seated posture under both conditions. Thus, we believe it is unlikely that our data were significantly influenced by these variables. One variable we were not able to control for was ambient vibration under the stress but not control conditions, and this remains a limitation of the present study.
Conclusions
This study adds to our understanding of the human stress response in an authentically threatening environment, including perceptual processing and sex differences in potential threat perception. Our results indicate a stress-dependent shift in sensitivity to facial displays of aggression in women, but not in men. Future studies with larger participant sample sizes, the inclusion of female facial expressions (the present study used only male faces) and the inclusion of expression poles of different emotional valence (not only aggression, but also happiness, sadness, and fear) will explore more fully this important area of research.
